We investigated climatic trends in two contrasting locations in Europe at a regional level and at two specific sites, and we analysed how these trends are associated with the dry matter yield (DMY) of agriculturally improved grasslands.
Introduction
Observed climate change trends and weather anomalies have intensified in recent decades in almost all regions of Europe. The annual average temperature has increased, and there are more frequent high-temperature extremes. The warming has increased more in winter than in summer in Scandinavia [1] , while summer temperatures have increased more in central and eastern Europe [2] . Precipitation has generally increased in northern Europe and decreased in southern parts of Europe, but heavy precipitation events have increased in many parts irrespective of total precipitation [1, 3] .
Climate change is affecting grassland productivity across Europe [4] . Rising temperatures and altered amounts and pattern of precipitation affect water balance, grassland composition, biomass accumulation, and grassland quality, which has large consequences for feed production for livestock [1, [5] [6] [7] [8] [9] . Some studies have considered effects of projected climate changes on grassland productivity on a regional or broader geographical basis, e.g. for northern Europe [10] , or for Mediterranean regions [11] . However, few studies address observed climate trends and their effect on local grassland productivity. Such studies could support the elaboration of models of grassland growth and be useful for management and efficient utilization of these changing ecosystems.
Climate change trends may differentially influence the growth and development of individual species and cultivars of forage grasses. In northern latitudes, the impact of changing winter climate on important grassland species and cultivars has been the focus of several studies [12 -14] , while in central Poland more attention is paid to drought stress [15] . This study addresses climate trends effects on grassland productivity in central Poland and northern Norway. In Poland, grassland yield has been reduced by increases in air temperature, water shortage and less favourable precipitation distributions during the growing season [16, 17] . In northern Norway, annual average temperature has increased with a prolonged growing season, warmer winter season and more episodes of extreme winter warming events in recent years [18, 19] , influencing the de-hardening of the most important grass species and in consequence negatively affecting productivity of grassland [12, 13] .
The objectives of this study were: 1) to evaluate the trends of climatic variables in two contrasting geographical locations in Europe (central Poland and northern Norway), and 2) to assess the influence of the detected trends on dry matter yield of agriculturally improved grasslands.
Materials and Methods

Study areas
The impact of changing climate on grassland yield was investigated at regional and site levels. Within Poland, the Wielkopolska province (regional) located in the westcentral part of the country and the Brody experimental station (site-level) of Poznań University of Life Sciences (PULS) (52°26' N, 16°18' E; 92 m a.s.l.) were selected as study areas. For Norway, Troms county (regional) and the Holt research station (site-level) of the Norwegian Institute of Bioeconomy Research (NIBIO) (69°65' N, 18°54' E; 20 m a.s.l.) were chosen as study areas. Both regions, Wielkopolska province and Troms county cover about 30,000 km 2 . Troms is situated above the Arctic Circle more than 1900 km north of Wielkopolska, at a similar longitude. According to the Köppen-Geiger system, the climate in Wielkopolska is warm, humid continental (Dfb) and the climate in Troms is subarctic (Dfc) [20] . To show differences in climate variables in those contrasting locations, the monthly and annual averages of daily air temperature and precipitation sums for Brody and Holt in the multiyear period are presented in Figure 1 .
Weather data
Daily weather data for both regions were obtained from the national meteorological institutes based on statistical data in Poland [21] and Norway [22] . average daily air temperature, ii) annual and monthly total precipitation, iii) start and length of growing season, and iv) growing degree days during each growing season at base temperature 5°C. For this study, the beginning of the growing season was defined as the first spell of at least six days with average daily temperature above 5°C (as defined by Alexander et al. [23] ) and the end of growing season was defined to be the approximate date of the last harvest cut, i.e. 31 August in Troms and 30 September in Wielkopolska.
Grassland yield data
The yield data in our study are based on forage yields from agriculturally improved grassland [24] . Data on annual dry matter yield (DMY) of grasslands in Wielkopolska province for the period of the considered time series were sourced from electronic data, yearbooks and bulletins published by the Central Statistical Office (CSO) of Poland [21] . According to the methodology of CSO, data of grassland DMY were gathered in each of 226 communes (gminas) belonging to this region as a total yield from three cuts per year. In the reference farms, a biometrical method using 0.5 m x 0.5 m quadrats and shares was used for yield determination of representative areas of grassland. For Troms, grassland yield data were obtained from the electronic records of Statistics Norway [25] . The records of total grass production per area are obtained from questionnaires to a subset of farmers. Before 1997 the methodology of estimating grassland DMY in Norwegian sites was calculated as hay yield (85% DM) on the basis of the energy content of the different types of forage (silage, bales, hay etc.). In 1997 the methods changed, and the estimated hay yield per ha is now based on average DM content of different types of forage. This caused a considerable difference in the estimated yield between the time series 1989-1996 and 1997-2015. Therefore, only the second (longer) time series was used for the analysis of the relationship between the detected climatic trends and grassland yield in Troms.
At the site level, data on DMY of agriculturally improved grasslands were obtained from the local research stations. In Brody, DMYs were collected for the analysed period from trials evaluating grass mixtures typical for site-specific conditions and also from trials testing individual grasses (perennial ryegrass, timothy, meadow fescue and cocksfoot -the most important and dominant grass species in the sward of agriculturally improved grassland in Wielkopolska). These data were collected from variety testing experiments set-up on 10 m 2 plots, in random block design, in three-four replicates, and were averaged by year. The plots were harvested with an experimental front mower, weighed fresh and then herbage subsamples of 0.5 kg were dried in a forceddraught oven for DMY determination after ca. 48 hours at 60 o C. In Holt, DMY data were used from the national program for variety testing of timothy and meadow fescue, conducted on plots (1.5 m x 7.0 m) with three replicates and the same experimental design as above. The plots were cut with a Haldrup experimental harvester at ca. 5-7 cm stubble height, and DMY was determined in the same manner as in Brody. In the data analysis we used the annual DMY (a single value per year), which was the sum of DMY of two cuts in Norway and three cuts in Poland. The methodology of grassland DMY determination in both sites was based on commonly accepted protocol of assessment of variety value for cultivation and use.
Data analysis
For detection of climatic trends, a non-parametric MannKendall test was used, since it does not require the data to be normally distributed, and has low sensitivity to abrupt breaks due to inhomogeneous time series [26 -28] . Trends at the 5% significance level were flagged as statistically significant. Sen's slope estimator was used to assess the magnitude of trends, as the non-parametric proxy of a simple linear regression coefficient with time on the x-axis [29] . The sign of Sen's slope reflects the direction of a trend, while its value expresses the slope of the trend.
Before performing the Mann-Kendall test, all atmospheric data series were visually inspected for autocorrelation using the autocorrelation function "acf" in R [30] . Autocorrelation describes the so-called persistence of continuous variables, i.e. statistical dependence with their own past or future values. When present, autocorrelation has important implications for statistical inferences drawn from atmospheric data [28] and thus should be taken into account in further calculations. The generated plots indicated that there was no significant autocorrelation present in any of the series, so we applied the Mann-Kendall test "as is", without correcting the test for serial correlation.
The effect of the detected climatic trends on grassland yield was determined using simple linear regressions. The response variable was annual DMY of grasslands in the analysed regions or sites. The explanatory variables were climatic variables for which significant trends over the last three decades had been observed. The date of start of growing season was analysed as the Julian Date.
All statistical calculations were done in the R software environment, version 3.2.3 [30] . For the Mann-Kendall test, the 'Kendall' library was used [31] . Walter and Lieth climatic diagrams were plotted using the package 'berryFunctions' [32] .
Results
Climatic trends
The analysis of precipitation sums and mean air temperature trends over the study period, carried out for individual months (Figures 2 and 3) , showed that trends observed at the site level (for Brody and Holt) are consistent with trends observed at the regional level (for Wielkopolska and Troms, respectively). This accordance concerns particularly the changes in air temperature. In the case of precipitation, there are some discrepancies between regional and site levels, as this climatic variable varies more locally within these regions.
As far as monthly air temperature is concerned, a general warming trend was observed for Wielkopolska. The significant changes were detected for as many as five months (April, June, July, August and November), and the greatest temperature rise, almost 0.10°C per year was observed for June, July, and November (Figure 2 ). These monthly trends also contributed to the significant increase in average annual temperature in Wielkopolska and Brody (Table 1) . For Troms, considerable warming was detected for May, September, October and November, but only the rise of temperature in May was significant (p-values for May, September, October and November in Troms were 0.0110, 0.0763, 0.2602, and 0.2783, respectively). For Troms, a significant decrease in air temperature in January was also observed (p-value = 0.0156). Similar trends were detected for Holt, however decrease in air temperature in January was not significant.
The majority of the trends in the monthly precipitation series were not significant (Figure 3) . The only significant changes were observed for January in Troms (decrease) and March and April in Holt (increase) as well as for May and December in Wielkopolska (increase and decrease, respectively) and for January and December in Brody (increase and decrease, respectively). These monthly trends did not translate into significant trends in annual precipitation sums in Norway, nor in Poland (Table 1) .
No significant trends were detected in the start of growing season for the studied areas and sites (Table 1) , but at Holt Station, there was a near-significant trend of earlier start (p-value 0.0758). However, it was observed that growing degree days have been increasing over the (1989-2015) ; the height of the columns designates the value of Sen's slope, which is the magnitude of change, and the error bars represent confidence intervals; the results marked as significant are those for which the p-value was lower than 0.05 (1989-2015) ; the height of the columns designates the value of Sen's slope, which is the magnitude of change, and the error bars represent confidence intervals; the significant results are those for which the p-value was lower than 0.05 
Impact of climatic variables on the yield of grasslands
In Wielkopolska, among the detected climatological trends, DMY of agriculturally improved grassland was found to be negatively associated with the increase of temperature in June and August, the increase of growing degree days, and by the rise in annual temperature. The increase of annual temperature by 1°C was associated with an average reduction of grassland yield by 33 kg ha -1 of DM (regression coefficient -0.33, Table 2 ). The effect of the increase of each growing degree day on the DMY is marginal (regression coefficient -0.001 kg ha -1 of DM). At Brody, DMY of grasslands was shown to be negatively associated with the increase in mean annual air temperature (regression coefficient -0.60, meaning an increase of 1℃ results in an average decrease of 0.6 kg ha -1 of DM, Table 2 ). No significant relationships between grassland yield and the changing climatic variables were found for northern Norway at regional or site level, except for sa lightly positive effect of the increasing growing degree days on the DMY at the site level.
Discussion
Detected climatic trends
The obtained results confirm the general climatic trends for the whole of Europe. During the 20 th century, Europe experienced an increase in average annual surface temperature of 0.8°C, with an increased rate of warming over time [33] . Our study shows that annual temperature and several monthly temperatures have increased significantly over the study period in central Poland (April, June, July, August and November), and for May in Troms county, Norway. In Wielkopolska, temperatures were increasing in most months, even if these increases were not statistically significant. For Troms, Norway, monthly temperature changes were more varied (Figure 2 ). Yearly air temperature data for central Poland and northern Norway were increasing but the trend was statistically significant only in Poland, at both the regional and site levels. The results are in line with the conclusions of other authors, e.g. [16, 18, 34] , concerning significant climate trends in central Poland and northern Norway. These changes in temperatures were statistically significantly associated with grassland productivity in Poland, but not in Norway.
Precipitation trends are more varied by regions across Europe. Trends in the 20 th century showed an increase in precipitation in northern Europe by 10-40% and decrease in some regions in Southern Europe by up to 20% in average annual precipitation [33] . Significantly more precipitation occurred in May in the Wielkopolska region, and in January at the Brody site, and in the MarchApril period at the Holt site (Figure 3 ). Significantly less precipitation was confirmed in the Wielkopolska region and at the Brody site in December, and visibly less (although not significant) in June in central Poland and in May in northern Norway. Changes in timing of precipitation affect soil water capacity and can have major effects on grass growth [4, 15] , particularly in Poland, where a strong relationship between hot weather and lack of precipitation since 1950 was recorded by Wibig [35] .
The impact of climate trends on grassland yield
Trnka et al. [36] reported that in central Europe, the projected climate change would bring more rainfall in winter, less in summer and an increased drought risk. As confirmed by Smith et al. [9] and Dai [37] , drier summers can lead to significant drops in grassland productivity, as a consequence of reduction of the intensity of photosynthesis and transpiration [15] . In the case of Wielkopolska region, the increased temperatures during the summer months accompanied by less precipitation (although not significant) in June has led to drought which likely limited grassland yield. However, the effect of climate variables on grassland productivity greatly depends on site soil conditions. In another study [38] , climate change at Brody during a 50-year period with increasing mean annual air temperature (p<0.001) and increasing precipitation sum (p<0.05) had significant impact on yield of grasslands located on mineral soils. The relationship between standardized precipitation evapotranspiration index (SPEI) estimated for the 6-month period from April to September and annual DM yield was positive, while no significant effect was found for any quantified change in climate on grassland yield located on organic soils [38] . For the Norwegian study areas we found a significant effect of the increasing growing degree days on grassland yield in Holt, but this effect was very small (regression coefficient 0.01) and it was not found at the regional level. Although significantly increasing temperatures in May and an increase in growing degree days were found, which is expected to increase DMY, these changes may have been modified by substantial (though not significant) decreases in temperatures in June. In addition, winter months have been colder in northern Norway (January -statistically significant, February, and March, see Figure 2 ). Higher temperatures in autumn (though not significant at the regional and site levels) will shift cold acclimation of the plants to a time when less light is available and impairs freezing tolerance of many grass species [12, 39] . In addition, unstable winter temperatures and early springs can cause plants to de-acclimate, when there is still a risk of freezing [13] . Repeated freeze-thaw cycles during winter also increase the risk of impermeable layers of ice forming in the grass fields, which can cause substantial winter losses due to the anoxic conditions that arise under the ice [12] .
Implications for grassland management
The recognition of regionally-specific changing climate trends is an important part of sustainable grassland management. In both analysed cases in Poland and Norway, climate trends may affect grassland productivity positively as well as negatively, depending upon the magnitude of the trend and on the water holding capacity of the soil on which the specific meadow or pasture is located [38] . Thus, the projected IPCC climate scenarios could lead to various outcomes on grassland yield, depending on the specific timing of temperature and precipitation changes. It is therefore necessary to build and maintain monitoring systems of productivity of grasslands with implications of difference between regions, and refine analysis methods to understand trends and anomalies that are likely to continue into the future. It has been shown that synthetic indices are most relevant for Polish study sites, such as standardized precipitation evapotranspiration index [38, 40] , HTC Selyaninov hydrothermal coefficient [41] , and Vinczeffy climate index [42] , but for northern Norway, in addition to the climate indices measured in this study, winter climate, soil frost and ground-ice accumulation should be studied and incorporated to model effects of climate changes on productivity and winter kill of grasses [12, 14] . The growing supply of remote sensing data and products provide opportunities for more rapid detection and monitoring of grassland conditions and associated changes in productivity at the national, regional and the individual grassland scale [16] . It should be underlined that these case studies focus on agriculturally improved grasslands. The impact of climate change trends on grasslands renovated, fertilized and utilized for forage may be much stronger than that of natural and semi-natural grassland communities (not managed by means other than grazing or mowing). The sward of agriculturally improved grassland is composed of highly productive varieties of grass and legume species obtained as a result of plant breeding. Their productivity potential can be achieved only by optimal management in appropriate weather conditions. Our results show that more significant associations of climatic variable with grassland DMY occurred in Wielkopolska and Brody, compared to northern Norway, although the grassland swards in central Poland are typically multi-species, in contrast to northern Norway where grasslands are mostly dominated by timothy. Ergon et al. [43] argue that in the face of unstable and uncertain climatic conditions, a high diversity of cultivated forage species, high intraspecific genetic diversity, and the use of species and variety mixtures can enhance productivity and resilience of grasslands. Higher species richness can affect yield stability positively in intensively managed grasslands, and can increase drought resistance as long as the management does not lead to plant-species loss [44] , but only if there is sufficient amount of water available.
Management practices well adapted to more variable and stressful environments are needed for maintaining the agricultural productivity of grasslands and their other ecosystem functions in both analysed regions in the future. Breeding and research efforts should be directed both towards improving plant strategies to cope with abiotic stresses, and towards adaptation to new seasonal patterns and management, while minimizing possible trade-offs with productivity [43] . There are challenges to obtain grass varieties resistant to drought in central Poland [15, 45] and to winterkilling in northern Norway [46, 47] , while maintaining high productivity. Other adaptation approaches to climate changes are new strategies of grassland fertilization [17] , soil moisture optimization by irrigation and/or drainage, use of variable cutting dates, and flexible grazing plans [8, 10] .
